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Introduction
Commercialization of new carbon capture simulation initiative (CCSI) technology will include two key elements of risk management, namely, technical risk (will process and plant performance be effective, safe, and reliable) and enterprise risk (can project losses and costs be controlled within the constraints of market demand to maintain profitability and investor confidence). Both of these elements of risk are incorporated into the risk analysis subtask of Task 7. Thus far, this task has developed a prototype demonstration tool that quantifies risk based on the expected profitability of investments to retrofit carbon capture technology on a stylized 650 MW pulverized coal electric power generator. The prototype is based on the selection of specific technical and financial factors believed to be important determinants of the expected profitability of carbon capture, subject to uncertainty. The uncertainty surrounding the technical performance and financial variables selected thus far is propagated in a model that calculates the expected profitability of investments in carbon capture and measures risk in terms of variability in expected net returns from these investments. Ultimately, this tool will allow for analysis of the financial risks associated with adopting carbon capture technology from the perspective of decision makers at utilities.
This report satisfies the final milestone for 
Risk Analysis
The analysis of risk directly feeds into the risk management process. During this project, one of the objectives will be to identify the requirements and the processes for securing the confidence of capital investors who must ultimately accept the residual risk remaining after simulation and analysis of technology scale-up has been performed. The process of "Risk Management" must be equated with the desired end result of "Risk Acceptance." Traditionally, risk communication is relegated to a standalone activity that focuses heavily on community outreach and translation of formal quantitative results into common terms that stakeholders relate to more naturally. The CCSI project affords an opportunity to build in risk communication from the outset by tailoring the risk analysis methodology to the interests of the capital investment community. This focus does not preclude nor replace the ultimate need for gaining widespread public acceptance of sequestration activities, but it aligns more closely with the present scope of the CCSI. Risk analysis should be integrated with process simulation and optimization efforts rather than being applied as a post-processing activity. For example, residual uncertainties in predefined risk acceptance criteria (like cost) should be diagnosed to determine the principal process-level contributors to this uncertainty. Plant simulations can be modified, or additional calculations can be performed to reduce these uncertainties from the parameter space in order to improve confidence in final decision metrics.
Financial Risk
In any large project, financial risks should be estimated as precisely as possible to minimize the possibility that even small miscalculations result in severe and irreparable losses to entrepreneurs, investors, financiers and society in general. High risks associated with uncertainties regarding the cost structure of project construction, materials, workforce, engineering questions and instability in market values.
Technical Risk
The elements of technical risk are not easily characterized, since real technical risk involves a forecast of how science will pan out when real people conduct experimentation, interpret results, and apply them in real situations. The elements of technical risk are not independent of one another: actions to understand and mitigate risk are interrelated through the laws of science, patterns of rational processes, and the personalities of people involved.
The difficulty of quantifying the uncertainties associated with early-stage technical projects is only one of the conceptual difficulties with a statistically based definition of technical ''risk.'' A second difficulty is that technical projects tend to have binary outcomes: they are either terminated when they encounter severe obstacles or are supported all the way to market introduction (perhaps with modifications in both technology and market objective). An important attribute of risk-taking is that it is deliberately undertaken because the rewards, multiplied by the (presumably known or estimable) probability of achieving those rewards, exceed the cost of taking the risk.
Regulatory Risk
Regulatory risk embodies costs and uncertainties associated with additional, and in some cases, unanticipated, regulatory burdens that can reduce earnings and increase the financial risk associated with investments in carbon capture technology.
Investor Attitudes Towards Risk
Investor attitudes towards risk are an important determinant of how investors respond to risk and how investors respond to the trade-off between profitability and risk. It is likely that utility investors display more aversion towards risk than investors in other industries. This applies to financial risk and to technical risk since reliability of system performance will be an important consideration when evaluating investments in carbon capture technology.
Current Models
Thus far, this task has developed a prototype demonstration tool that quantifies risk based on expected profitability of expenditures and variation in profits to retrofit carbon capture technology on a stylized 650 MW pulverized coal electric power generator (Letellier et al., 2011 ). The prototype is based on the selection of specific technical and financial factors believed to affect the expected profitability of investments in carbon capture, subject to uncertainty. The uncertainty surrounding the technical performance and financial variables selected thus far is propagated in a model that calculates the expected profitability of investments in carbon capture and measures risk in terms of variability in expected net returns from these investments.
Financial risk model
The approach requires translating technical and financial risk factors, along with uncertainties, into measures that can be included in estimating variability in expected financial returns, which is the principal metric used in this financial risk analysis. For a typical electric generating unit without carbon capture, construction costs will be incurred during the first few years of the life cycle, operations and maintenance (O&M) expenditures will be incurred and receipts will accrue over each year of operations once construction of the plant is completed. If the plant is retrofitted to capture carbon sometime during its useful life, generation will be interrupted temporarily, additional construction expenditures will be incurred, and additional O&M expenditures will be incurred once the retrofit is completed. All of these factors will affect the amount and timing of plant expenditures and revenues over the life cycle of the plant and, over the life cycle of the utility plant with a carbon capture retrofit, will affect the net profitability of the plant. In order to aggregate these revenue and expenditures into a single metric, these annual estimates of revenues and expenditures need to be converted to a common base year. This conversion is done through discounting, which applies an adjustment factor (usually expressed as an interest rate called the discount rate) to revenues and expenditures in each year. For each year, discounted net receipts (revenues less expenditures, discounted) are added up into a final discounted net receipt estimate. It should be noted that the present model is evaluated in the familiar format of an Excel spreadsheet that can be made available to interested users and collaborators.
Technical risk model
Many inputs into the financial risk model are of the technical type and will be modeled using this new Technical Risk Model. Some of these parameters will come from the process synthesis and design modeling (Task 3), with uncertainties being simulated by the modeling team with input distributions and uncertainty analysis methods defined by the Uncertainty Quantification (UQ) team (Task 6). The marginal distributions for these technical risk factors will then be input into the financial risk model. An uncertainty model has been developed which utilizes the assessed TRL for a given technology (Mathews, 2009) . The TRL uncertainty model and sample results are shown in Figure 1 .
Figure 1 TRL uncertainty model and example using COE from the process modeling task
Expert elicitation model The subtask of Qualitative Expert Elicitation attempts to leverage the diverse expertise of CCSI industry collaborators and national laboratory subject matter experts to capture the range of topical concerns and establish a format for pseudo quantitative ranking. The ranking schema will support comparative prioritization and will facilitate introduction of qualitative risk factors in the financial risk model. Results of the expert elicitation have not been compiled as of yet, and thus will not be included in this initial risk analysis.
Functional system performance The carbon capture risk analyses -financial, technical, and regulatory -depend on the functional performance of the carbon capture system design and operational processes. In particular, the financial model contains cost factors whose values are determined by the equipment design specifications and acceptable operating ranges for system components. However, during the operational lifetime of the plant there can be variations in component behaviors that bias or even contravene the expected performance standards, and hence impact and reshape the cost functions. Based on experience with other large and complex chemical systems, such variations are most likely to occur during the startup and settling-in phase of the lifecycle and during later stages where aging and wearing effects begin to accumulate. Also, at any time there may be components that fail to meet their specified operating performance, or circumstances may conspire among conditions on connected components to negatively affect productivity. Such events are vulnerabilities or risks of the carbon capture plant that can impact financial, technical, and regulatory concerns of interest to decision makers. Managing these risks may be achieved by risk amelioration practices, which, for example, enhance or robustify the design or provide operational and maintenance practices and additional systems to sustain the performance requirements of the carbon capture system.
An initial, heuristic analysis was performed to consider functional system performance issues and their effect on some of the cost functions (Ordorica-Garcia et al., 2006; Schach et al., 2010) . Certain stochastic cost parameters expected to be sensitive to variations in functional system performance include: CCS Parasitic Power Requirements; reductions in plant duty cycle or Drop in Capacity Factor; the Carbon Capture Percentage; CCS O&M costs; and CCS Construction Costs. For example, if the capture process becomes less efficient, the power requirements may have to be increased or the carbon capture drops. Component failure or maintenance needs can reduce the duty cycle and affect O&M costs. Otherwise, risks may be alleviated by additional construction costs to robustify the design or to build in redundancies.
The variations in system performance are due to functional uncertainties and risks. The uncertainties are associated with distributions of component phenomena determined by variations in key physical processes and parameters. As demonstrated by the UQ task group (Task 6) for the MEA carbon capture method, UQ can be developed from an understanding of the underlying physical/chemical processes and from validated or plausible ranges of parameters that determine the behaviors of interest. The risks are characterized by the probability or likelihood of a detrimental occurrence; such as, transient behaviors that do not meet performance specifications, reduction in equipment capabilities or reliability, undue maintenance, and outright component failures. In addition, in the consideration of uncertainties and risks, there are epistemic estimates associated with the qualitative risk factors and with the TRL states-ofaffairs. In the future, information from Task 4 on operational phenomena, monitoring, and control will inform and be informed by the understanding of variations in system performance.
Analysis and Results
The first step of our risk assessment involves creating a baseline net present value calculation without carbon capture (Case A) and an alterative net present value calculation with carbon capture retrofit (Case B). For Case B, NPV estimates were made given a distribution of values for selected factors that vary due to risk and uncertainty. Finally, a comparison of these results (Case A to Case B) is presented.
The next step of the demonstration is to determine which set of factors would be subject to uncertainty. The initial set of factors are shown in Table 2 . The factors in this table were selected to demonstrate our methodology since they specifically characterize some of the key technical and financial performance measures of the carbon capture system. The initial nominal values of these variables (factors) were determined from the U.S. Department of Energy and other publications. The initial ranges were determined judgmentally. As the project progresses, additional factors will be included in the financial risk assessment in order to capture a fuller range of technical and financial uncertainties relating to carbon capture. The parameters shown in Table 3 have been incorporated into our financial risk model. The values that are highlighted in blue are those model parameters that have the ability to be defined as stochastic (random input values). For the base case (Case A: no carbon capture), the values shown in Table 2 were used for the financial analysis (except for the carbon capture parameters, which were set to zero). For the carbon capture case (Case B), the parameters shown in Table 2 were used as stochastic values. The distributions for these parameters are shown in Figure 2 below. Monte Carlo simulation was used to generate 3000 random values for each of the stochastic parameters, which were then run through the financial model. These parameters were extracted from the system performance simulations (Task 3) and run through the functional systems performance module of the Technical Risk Model.
The initial, heuristic analysis was carried out on a hybrid, solid sorbent carbon capture system: A twostage, counter-currently connected bubbling fluidized bed adsorber and a moving bed regenerator, sized for a 650MWe power plant. The details of the sorbent behavior, system design, and some of its attendant phenomena were provided by the Task 2 and 3 teams. The primary observables for system performance were the mass flowrate and the CO2 loading on the flow stream. These depended on the equipment sizing and temperature and pressure profiles (supported by solid and gas phases mass balance calculations). Through the design process, these teams identified potential system vulnerabilities; such as, parasitic power loss due to steam extraction, particle attrition and distribution, overflow and underflow issues, scaling formation on bed internal manifolds, and abrasion and erosion of component elements. These insights were augmented with literature searches on the performance of solid sorbents which helped to provide some uncertainty ranges (Yi et al., 2007; Sudeshana et al., 2009; Mohanty et al., 2010) . Reliability and failure estimates were made on key equipment components based on archived reliability, availability, and maintenance (RAM) information from chemical plants. Additional epistemic measures were included to account for relatively low TRL stages (nominally TRL 3-5) for the system components and to account for some of the qualitative technical risk factors. All these uncertainty and risk measures were then identified as to their functional connection to the selected cost factors discussed above. The pertinent measures were then combined via a probabilistic calculus to aggregate into marginal distributions for the stochastic cost parameters (see Figure 2 ).
Given the current coarseness of the details and method used to develop the marginal distributions, it is somewhat surprising and pleasing to see some familiar forms emerging. The Drop in Capacity Factor is like a normal; the Carbon Capture Percentage is like a 'fat-tail' (e.g., lognormal or Weibull); and the O&M Costs are a skewed distribution (to higher costs). In retrospect, these forms make some sense. The Parasitic Power Requirements is essentially a bi-modal distribution. In order to maintain an operating capacity and/or capture percentage, the system vulnerabilities may require higher power (less efficiency) to maintain output levels. On the other hand, the vulnerabilities can lead to reduced performance or utility, including some down time, which could lower the parasitic power. These potential couplings among cost factors need to be further explored in our subsequent studies.
The original, or baseline, financial risk analysis assumed uniform distributions over a parameter range.
The functional system performance analysis has now added more information to emphasize or diminish certain aspects of the parameter ranges to provide non-uniform distributions. These changes should affect the financial analysis results and provide insights into where uncertainties and risks may be most advantageously reduced to improve the carbon capture enterprise. Refining the analysis and development of these functional performance distributions is a major step in understanding the impacts of uncertainties and risks.
Figures 3 and 4 below show the resulting distributions of discounted net present values under: 1) the assumption that the variables are uniformly distributed; and 2) under the assumption that the variables are subject to the distributions given in Figure 2 above.
As one might expect, the distribution of NPVs of receipts becomes more concentrated around the mean as we move away from uniform distributions. There are, however, some exceptions to this that can be inferred from the distributions given in Figure 2 . For example, if the percentage of carbon captured moves from a uniform distribution to the one shown above in the second graph of Figure 2 above, we should expect the NPV of discounted receipts to fall. If less carbon is captured, than more carbon emissions will be subject to carbon taxes causing net receipts to fall in every year. Similarly, if the distribution of CCS constructions moves away from a uniform distribution towards one as shown in the fifth graph in Figure 2 (showing a higher percentage of CCS constructions falling into the lower range of possible values), then we would expect the discounted NPV of receipts to be higher.
In contrast, the CCS parasitic power requirements, the drop in duty factor, and the CCS fixed O&M costs variables all show distributions that have more probability mass tending to the center of the distribution, relative to the initial uniform distribution. Taken together, these should cause the distribution of discounted NPVs to move towards the mean, as is evidenced when we compare Figures 3 and 4 below.
A sensitivity analysis of the results was performed to identify the stochastic parameters which were correlated with the response variable (NPV). These results are shown in Figure 5 . From these results, we can see that four of the five parameters that we simulated showed statistically significant correlation with the NPV. These values were: 
Gaps and Path Forward
Given the preliminary nature of the results of the financial risk model, additional work is required to expand the scope of the model to include additional risk factors, additional information on extant and proposed risk factors, the results of a qualitative risk factor elicitation process, and feedback from utilities and other interested parties involved in the carbon capture project. Additional information on proposed distributions of these risk factors will be integrated into a commercial implementation framework for the purpose of a comparative technology investment analysis. A more detailed analysis of how the distribution of each variable contributes to the distribution of discounted NPV of receipts will be undertaken to support more definitive conclusions from subsequent analysis. Moreover, that sort of detailed analysis is necessary before additional refinements to the model can be undertaken that would allow for analyses of trade-offs between the different factors that affect the level and variation of utility profits and how these will be affected by carbon capture.
For the development of the technical risk model, much time has been spent gathering process information and identifying conceptual models for estimating the key components of the overall technical risk. From Figure 5 Sensitivity analysis of the NPV, represented by the scatterplots of each NPV-parameter combination our initial assessment we have designed the technical risk model into three key modules. Much work is now needed in each of these modules to incorporate information from each of the tasks and also from SME (such as the IAB).
For instance, the specific questions within the TRL model have had an initial review by (CCSI) project members, but will need the input from IAB members. Also, the uncertainty ranges for the likelihood model will need to be developed for the specific technologies. Information from the chemical industry does exist and will be researched.
Conclusions
This report concludes the first year development of the risk analysis and decision making framework. The development team (Team/Element 7) has vast expertise in risk analysis, uncertainty quantification, and financial and economical modeling. The biggest challenge for this team has been learning the specific modeling areas of this industry. While gaining this expertise, a prototype decision making framework (technical and financial) was being designed and implemented. Results of utilizing this framework on a hybrid solid sorbent capture system have been illustrated and discussed. However, what is missing in all of the previous discussion is how this modeling effort will be used within the overall CCSI program and also used by the industry. We attempt, in this section, to touch on this.
A critical part of the utility industry integration is developing contacts with the utility financial analysis community and this will be an important part of year-2 activities. In addition to learning more about the financial metrics used in the industry to evaluate investment alternatives, the team will also engage industry in determining how financial risk is treated in this framework.
The technical risk model is being developed to identify the risk factors that contribute to the overall risk. The goal is to identify those factors that are most important in the risk modeling and thus contribute the most to the overall risk. These key factors can then be passed to the other modeling aspects (elements). For instance the dynamic simulation of the plant operations and control could utilize this information to identify those factors that need to be monitored during the simulation. This information could also drive the UQ analysis (simulation) utilizing these parameters within the system level modeling (process synthesis and design).
